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QCD and Chiral Symmetry

QCD and (“accidental”) Symmetries

» Theory for strong interactions: QCD
1 - . ~
Zqco = — FE, + (i) — M)y
» Particle content:
» ): Quarks, including flavor- and color degrees of freedom,

N = diag(my, ma, ms, . ..) = current quark masses
» Af: gluons, gauge bosons of SU(3)color
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QCD and Chiral Symmetry

QCD and (“accidental”) Symmetries

» Theory for strong interactions: QCD
1 v T(: Y
Zqco = — FE, + (i) — M)y

» Particle content:
» ): Quarks, including flavor- and color degrees of freedom,
N = diag(my, ma, ms, . ..) = current quark masses
» Af: gluons, gauge bosons of SU(3)color
» Symmetries
» fundamental building block: local SU(3)color Symmetry
> in light-quark sector: approximate chiral symmetry
» dilation symmetry (scale invariance)
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QCD and Chiral Symmetry

"Fate” of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)
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QCD and Chiral Symmetry

"Fate” of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)

» chiral limit: /7 — 0 =, vector-axial-vector symmetries
> ) — expl-i(dy +sda)T]0
T generators of SU(2)fiavor (0r SU(3)fiavor)
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QCD and Chiral Symmetry

"Fate" of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)
» chiral limit: /7 — 0 =, vector-axial-vector symmetries
> ¢ — exp[—i(a@y +5d4)T]Y
T generators of SU(2)fiavor (0r SU(3)fiavor)
» conserved vector and axial-vector currents:

Ji =Ty, G4 = dTysy™y
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QCD and Chiral Symmetry

"Fate" of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)
» chiral limit: /7 — 0 =, vector-axial-vector symmetries

» ) — exp[—i(@y + 5da) Ty
T generators of SU(2)fiavor (0r SU(3)fiavor)
» conserved vector and axial-vector currents:

Ji =Ty, G4 = dTysy™y

> in vacuum, chiral symmetry spontaneously broken by quark
condensate: (0 [4¢)|0)#0

Hendrik van Hees Chiral Symmetry and Electromagnetic Probes



QCD and Chiral Symmetry

"Fate" of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)
» chiral limit: /7 — 0 =, vector-axial-vector symmetries
> ¢ — exp[—i(a@y +5d4)T]Y
T generators of SU(2)fiavor (0r SU(3)fiavor)
» conserved vector and axial-vector currents:

Ji =Ty, G4 = dTysy™y

> in vacuum, chiral symmetry spontaneously broken by quark

condensate: (0 [v]0)70
» (approximate) Goldstone bosons: 7, K, 7 (pseudoscalar octet)

Hendrik van Hees Chiral Symmetry and Electromagnetic Probes



QCD and Chiral Symmetry

"Fate" of chiral symmetry

» in classical field theory: each continuous symmetry defines
conserved current (Noether's theorem)

» chiral limit: /7 — 0 =, vector-axial-vector symmetries
> 1 — exp[-i(@y + 50a)TT0
T generators of SU(2)fiavor (0r SU(3)fiavor)
» conserved vector and axial-vector currents:

Ji =Ty, G4 = dTysy™y

> in vacuum, chiral symmetry spontaneously broken by quark
condensate: (0 [v]0)70

» (approximate) Goldstone bosons: 7, K, 7 (pseudoscalar octet)
“real world": chiral symmetry slightly explicitly broken by
quark masses N/ #0
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QCD and Chiral Symmetry

Phenomenology from Chiral Symmetry

» Use (approximate) chiral symmetry to build effective models
» Ward identities

> PCAC: <0‘8“jf§“|7rj(lg)> — iF,m24*

» m2F2 = —(m, +my) (0]tdu|0) (GOR relation)
» Spontaneous breaking causes splitting of chiral partners:

qg-excitations of the QCD vacuum
Energy (MeV)

b
f; (1420)

a,a260  _$0285
0 (1020)

fo@00- P 770) ® 782)
1200) E—

— P-S, V-A spilitting
in the physical vacuum

T (140)
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QCD and Chiral Symmetry

Finite Temperature

» Asymptotic freedom = quark condensate melts at high
enough temperatures

» all bulk properties from partition sum:

Z(V,T, pg) = Triexp[—(H — pyN)/T7}
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QCD and Chiral Symmetry

Finite Temperature

>

Asymptotic freedom = quark condensate melts at high
enough temperatures

v

all bulk properties from partition sum:

Z(V,T, pg) = Triexp[—(H — pyN)/T7}

v

Free energy: Q = —% InZ =-P

Quark condensate: <’(/;q’l/)(1>TM = ¥£i}
g

Lattice QCD indicates: Chiral symmetry restoration <
deconfinement phase transition (same 7..)

\{

v
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Vector Mesons and electromagnetic Probes

Why Electromagnetic Probes?

> ~, /" only e. m.
interactions

» reflect whole
“history” of collision

» chance to see chiral
symm. rest. directly?

- ~
Vv N\
/7 N A\
/ plw 7+ e
[ v
+
| I
\ |
\ a1
\ (NN
N 7
< 7
< 7
- -
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Vector Mesons and electromagnetic Probes

Why Electromagnetic Probes?

> ~, /" only e. m.
interactions

» reflect whole
“history” of collision

» chance to see chiral
symm. rest. directly?

— ~
- ~
Vv N\
/7 N A\
/ plw 7+ e
[ v
+
| I
\ |
\ a1
\ (NN
N 7
< 7
< 7

dN/(dy dm)

[ Low— |

' 10, n Dalitz decays

[ Intermediate— High—Mass Region
E >10fm | >1fm <0.1fm
| R IV I B R
0 1 2 3 4
M [GeV/cl
Fig. by A. Drees (from [RWO00])
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Vector Mesons and electromagnetic Probes

Vector Mesons and electromagnetic Probes

» photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function

(Ju =27 Qrdbsyutdy)

HEV(Q) = /d4aj eXp(iq . x) <JH(0)JV(:L')>T = _QnB(qo) Im n(ret)( )
dN“/ Aem 1 re
W giygsz = 229" 1M @l=lg
dN - a2 r
dhrdtk 933 Im {59 (q)| =12

> to lowest order in a: €2, ~ 2(7)

» derivable from underlying thermodynamic potential 2!
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Vector Mesons and electromagnetic Probes

Vector Mesons and chiral symmetry

» vector and axial-vector mesons <« correlators of the respective
currents

Ny 4(p) = /d xexp('Px)<J‘V//A(0)J‘/;/A(:E)>ret
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Vector Mesons and electromagnetic Probes

Vector Mesons and chiral symmetry

» vector and axial-vector mesons <« correlators of the respective
currents

Ny 4(p) = /d xexp('Px)<J‘V//A(0)J‘/;/A(:E)>ret

» Ward-Takahashi ldentities from chiral symmetry =
Weinberg-sum rules

> [ 9B 1 (90, 0) — Im Fla(po. O
2= 0 Tp2[m v(po,0) — Im M_4(po, 0)]
0
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Vector Mesons and electromagnetic Probes

Vector Mesons and chiral symmetry

» vector and axial-vector mesons <« correlators of the respective
currents

Ny 4(p) = /d xexp('Px)<J‘V//A(0)J‘/;/A(:E)>ret

» Ward-Takahashi ldentities from chiral symmetry =
Weinberg-sum rules

> [ 9B 1 (90, 0) — Im Fla(po. O
2= 0 Tp2[m v(po,0) — Im M_4(po, 0)]
0

» spectral functions of vector (e.g. p) and axial vector (e.g. ai)
directly related to order parameter of chiral symmetry!
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Vector Mesons and electromagnetic Probes

Vector Mesons and chiral symmetry

0.08
i [ « Vit—>2nmv ]
[ X . Alt—=> 2n+D)nv]
0.06¢ h — p(770) +cont.
[ ‘ a1(1260) + cont.

P

0.04)

-Im HV’ A/(71',s) [dim.-less]

from [Rap03]
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Vector Mesons

Vector Mesons and chiral symmetry

and electromagnetic Probes

0.08—
i?_ 0.06i m
£
=) A
2 0.04) 4/ "
N
= 0.02- SR,
E y

L
. V[t—>2nn vr]
s Aft—> (2n+])1tv1]

| — p(770) + cont.

a1(1260) + cont.

0

from [Rap03]
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from [Rap05]



Vector Mesons and electromagnetic Probes

Models

» different models with chiral symmetry: equivalent only on
shell (“low-energy theorems")
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Vector Mesons and electromagnetic Probes

Models

» different models with chiral symmetry: equivalent only on
shell (“low-energy theorems")

» model-independent conclusions only in

low-temperature/density limit (chiral perturbation theory) or
from lattice-QCD calculations

Hendrik van Hees Chiral Symmetry and Electromagnetic Probes



Vector Mesons and electromagnetic Probes

Models

» different models with chiral symmetry: equivalent only on
shell (“low-energy theorems")

» model-independent conclusions only in

low-temperature/density limit (chiral perturbation theory) or
from lattice-QCD calculations

» use phenomenological hadronic models + many-body
techniques to assess medium modifications of vector mesons
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Vector Mesons and electromagnetic Probes

Models

» Phenomenological hadronic models [Chanfray et al, Herrmann
et al, Rapp et al, ...] for vector mesons

» important incredients: 77 interactions
baryonic excitations

sk
‘ Tl \ B, a;, Kj,...
p 7 S SLp p p
T N, K, ...
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Vector Mesons and electromagnetic Probes

Models

» Phenomenological hadronic models [Chanfray et al, Herrmann
et al, Rapp et al, ...] for vector mesons

» important incredients: 77 interactions
baryonic excitations

T

%
) \ B, a, Kl,...
P~ P P < j p
T N, K, ...

» Baryon (resonances) important, even at RHIC with low net
baryon density ng—nj

> reason: np+nj relevant (CP invariance of strong
interactions)
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Vector Mesons and electromagnetic Probes

Dilepton rates at SpS

5% Central Pb(1 58AGeV)+Au

= 10 E T ; E
E g <N n>= -250 . CERES '95+'96 2 Dropping Masses?
S r p(>0 2GeV — free nn £
= 10°¢ 2-1<n<2-65d — in-med. ntw + OGP E el
= Oe>35mrad - §rop p-mass + QGP] g1l pert. QCD__
s | ] 2/
x N e
z E Mass
o ] .
= L ] = : 9
= 10,77700(3kta| N ] E | Melting Resonances? |
§ / 72 / / ; 2
;$ ‘ / ’ % [ ”p_,u—»—— rrrrrr _ pert. QCD |
g 108 LA AL LT A &/nalu
= 00 02 0.4 06 08 To &
ee [GeV] Mass

» how to decide about scenario experimentally?
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Vector Mesons and electromagnetic Probes

Dilepton rates/spectra at RHIC

Central Au+Au s*=200AGeV

T T

— — i .T’_‘ 1 T T T T T
r}‘> f— :;esn:dGHG > <th>=800 — Cocktail

5 - 5 -~ Drell-Yan

o -- free QGP O re ]
e —in-med QGPI A — Open Charm
= 5 . QGP
o ] % 10 — Thermal

3 =

2 \ ' Z 0l

S 10°F | 4 S

‘ T=180MeV Eg o3
b | , B e
0.0 05 1.0 15 20 ° ‘ ‘ ‘ Tmi—d
0 0.5 1 1.5 2 2.5

M_ [GeV/c]
e M, [GeV]

» in-medium hadron gas matches with in-medium pQCD
» (similar results also for v rates)

» “quark-hadron duality” ?
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Challenges for experiment (and theory)

Challenges for Expriment

» Direct signature for chiral restoration:
spectra for p and a; mesons degenerate

» 77 invariant mass spectrum « a; spectral function

X rX~>7r'y[MeV]

ai 0.64

p 0.07

w only 79!

a 0.3
7(1300) 777
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Challenges for experiment (and theory)

Challenges for Expriment

» Direct signature for chiral restoration:
spectra for p and a; mesons degenerate

» 77 invariant mass spectrum « a; spectral function

X rXHﬂ"}’[MEV] ‘g 400 ' Mpfalk\“:)' 7ZLZHM(el'Vt/C2_

a 0.64 2 - L, data

p 0.07 T 00

w only 70! P } h

a2 0.3 § o AL 1t | HH' bt
7T(].300) 77 Il ' { Bt

600 700 800 900
M., [MeV/c?]
w-spectral function from [Trn05] (CBELSA/TAPS)

Hendrik van Hees Chiral Symmetry and Electromagnetic Probes



Challenges for experiment (and theory)

Challenges for Experiment

» Photon rate

Central Pb-Pb s"’=17.3AGeV

-------- Hadron Gas

- QGP (T,=205Me
e PQCD (AK?=0.2)
— Sum

)

WA98 Data
2.35<y<2.95

q, dN/d’q [GeV™]

2
q, [GeV]

» 11 — p — w7y not enough to explain enhancement
» New development (Liu/Rapp work in progress):
7K — K* — 1K~y



Challenges for experiment (and theory)

Challenges for Expriment

» low-mass y~-invariant-mass spectrum
» dropping and narrowing of (600) for temperatures around T,

—_
o

dNyy/cxdM [MeV 3]
o
&

__\_________

0.0 ‘ .
0.0 02 0 4 06 08 1.0
M IGeV1

7t 4+ 77 — v+~ from [VKBT98]
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Challenges for experiment (and theory)

Challenges for Theory

» Need a fully chiral model

T =0 N P N(1535)

Ps
nP* \p\s nP* \ 327
p — 4 A3/2+—>N(1520)3/27
s D(1700)

12"

» How to treat (axial-) vector mesons (gauge model?)

» Approximation scheme for both dynamical properties (spectral
functions) and thermodynamic bulk properties (phase

diagram)?
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Challenges for experiment (and theory)

Summary

» chiral symmetry: important feature of low-energy sector of
QCD
» one aspect of (s)QGP: how is chiral symmetry restored?
» electromagnetic probes may provide most direct insight
» invariant-mass spectra for chiral partners: here p vs.
(“dropping mass” vs. “in-medium broadening”?)
> low-energy photons « dileptons (puzzle?)
> ~7y spectra: o “softening”?
» a lot to do also for theory: consistent chiral scheme for
hadrons wanted!
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Challenges for experiment (and theory)
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